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Abstract
The quality of gridded weather and soil datasets is one of the main sources of uncertainty in modeling regional scale land-atmosphere carbon exchange. This uncertainty may be assessed by comparing net ecosystem productivity (NEP) modeled for selected grid cells with these datasets against NEP modeled at representative sites within that grid cell for which detailed site scale measurements of weather and soil are available. In this study, a comprehensive mathematical ecosystem model, ecosys, was used to simulate differences in NEP at six eddy covariance (EC) flux tower sites across North America caused by using inputs for weather and soil extracted from 0.25° × 0.25° gridded datasets for the grid cells within which the towers were located vs. those measured at each tower site during years with contrasting weather (cool vs. warm and wet vs. dry). NEP differences attributed to gridded vs. measured model inputs varied among sites when tested against EC-derived values. At some sites (e.g. coastal coniferous site in British Columbia), adverse impacts of summer warming on NEP under contrasting weather in 2001 (cooler) vs. 2004 (warmer) were accurately modeled with both inputs, giving R 2 with EC NEP values >0.80. At other sites, reduced accuracy in NEP modeled with gridded vs. measured inputs was attributed to shallower soil depth in the gridded soil database. This shallower depth caused site NEP in a boreal deciduous stand in Saskatchewan not to be well simulated in 2001 and 2003, the first and third years of a major drought in central North America, due to early soil drying. At yet other sites, reduced accuracy was attributed to overestimates of soil organic nitrogen (SON) calculated from general soil organic carbon (SOC):SON relationships used in the absence of SON values in the gridded soil database. These overestimates caused excessive productivity to be modeled with gridded inputs at a boreal black spruce site in Quebec with unusually large SOC:SON. Gridded weather and soil inputs that caused such differences in NEP would certainly affect regional and global carbon budget model estimates, and so need to be improved in future large scale model input datasets.
Introduction
Measurements of land-atmosphere carbon exchange are of vital importance in understanding the global carbon cycle (Baldocchi, 2003 , Kalfas et al., 2011 . Direct measurements of carbon fluxes can only be done at a site scale, for instance from eddy covariance (EC) flux towers with footprints 200 m-2 km (Houborg and Soegaard, 2004, Sasai et al., 2007) . However, terrestrial biosphere models (TBMs) can be used to estimate carbon fluxes at regional and global scales (Rastetter et al., 2003 , Sasai et al., 2007 . Processes-based TBMs make use of biophysical and climatic relationships and processes to estimate ecosystem productivity (Beer et al., 2010 , Korzukhin et al., 1996 conferring predictive capabilities that enable simulation of future impacts of ecological controls on ecosystem productivity from changes in external forcing (Huntzinger et al., 2012) . Performance of these models in estimating carbon fluxes is partly determined by the accuracy, and the spatial and temporal resolution of model inputs. Model inputs such as climate and soil exert strong controls on modeled ecosystem productivity (Pan et al., 2006) and several studies have shown their impacts on modeled carbon exchange between the terrestrial environment and the atmosphere (Delpierre et al., 2012 , Jung et al., 2007a , Jung et al., 2007b , Pan et al., 2006 . If these controls are to be examined at regional to continental scales, inputs in the form of gridded climate and soil datasets are needed, although these may be less accurate than site measurements (Zhao et al., 2012) . One of the challenges in using these coarser resolution gridded datasets for regional model estimates is to capture the spatial heterogeneity within a pixel needed to upscale site level processes. Ecosystems are spatially heterogeneous and temporally dynamic (Miller et al., 2004, van Nes and Scheffer, 2005) and upscaling site level ecosystem processes to a regional level should take the non-linearity of landscape level biophysical processes into account . The spatial patterns of these variations can be complex and this can certainly influence the biophysical processes and hence the land-atmosphere carbon exchange (Anderson et al., 2003) . Sub-pixel heterogeneity (e.g. climate, plant functional type, soil and topography variations within a pixel) increases at coarser spatial resolutions, although it may vary with model inputs.
For instance, spatial variability in weather may be more homogeneous at grid scale compared to soil with more variability particularly where topography varies.
Existing North American climate and soil datasets vary in spatial and temporal resolutions and the geographic extent they cover. For instance, North American climate datasets such as Daymet (Thornton et al., 2012) and Parameter-elevation Regressions on Independent Slopes Model (PRISM) (Daly et al., 2012) have spatial resolution of 1 km. Daymet has a daily time-step whereas PRISM has a monthly time-step and both datasets only cover lower and mid latitudes of North America. The European reanalysis (ERA-1) from European Centre for Medium-Range Weather Forecasts had global spatial coverage with temporal resolution of 6-hour and spatial resolution of 0.75° × 0.75° (Berrisford et al., 2009 ). However, the North American Regional Reanalysis (NARR) has long-term, higher temporal resolution (3-hour) and covers the entire North America (Mesinger et al., 2004) , thus providing an opportunity to model diurnal carbon exchange as affected by short-term weather events over wide ranges of climates across the continent.
Although increasing efforts are being made to improve the accuracy, spatial and temporal resolutions of these large scale datasets, the extent to which these model inputs affect regional scale carbon estimates remains uncertain. Some studies have reported deviations in carbon flux estimates associated with coarse resolution model inputs: Zhao et al. (2012) indicated biases in carbon flux estimates caused by gridded weather inputs (mainly by downward shortwave radiation) on a daily time scale. Another study (Anisimov et al., 2007) reported deviations in carbon fluxes attributed to variations in air temperature in four regional weather datasets when compared to local meteorology. Zhang et al. (2014) Therefore, in this study we used a comprehensive mathematical model, ecosys (Grant, 2001 , Grant, 2014 , Grant et al., 2012 , to examine differences in diurnal and seasonal NEP modeled with weather and soil inputs from gridded datasets vs. those from site measurements by comparing these fluxes with those from EC measurements across different biomes. Attributes of gridded weather and soil datasets that need to be considered for future improvements were identified when gridded inputs adversely affected the accuracy of the modeled fluxes. Ecosys was used as the effects of weather and soil on biochemical and physical processes that control carbon fluxes in the model have been widely and rigorously tested under site level changes in weather (Grant, 2014) and soil management (Grant et al., 2001b , Grant et al., 2007a . Moreover, weather effects on seasonal and interannual variability of ecosystem productivity have also been tested in several studies using the model across different biomes: a boreal forest in a continental climate in Quebec (Wang et al., 2013) , a coastal temperate forest in a maritime climate in British Columbia (Wang et al., 2011) ; dry grassland in a Mediterranean climate in California (Grant et al., 2012) ; a semi-arid grassland in a continental climate in Lethbridge, Alberta (Li et al., 2004) ; black spruce forests in wetlands in Saskatchewan and Manitoba (Grant et al., 2008) , further summarized testing across a transcontinental transect of forest stands in the Fluxnet-Canada Research Network (Grant et al., 2009a ).
Methods
Ecosys was run at six EC sites (Table 1) with different climates and plant functional types (cool temperate douglas-fir forest, boreal aspen forest, boreal black spruce forest, Arctic tundra, warm temperate loblolly pine forest and crop land) using weather and soil inputs from site measurements vs. inputs from gridded datasets (NARR and Unified North America Soil Map (UNASM), Liu et al., 2013) during years with contrasting weather at each site (cooler vs. warmer, wetter vs. drier). For the crop site the effect of the gridded weather input on CO2 exchange with respect to inputs from site measurements was tested by evaluating differences in CO2 exchange simulated during a dry year (2003) under rainfed vs. irrigated conditions. Land use/land cover dynamics, atmospheric CO2 concentration, nitrogen deposition and disturbance were also used as model inputs for all simulations (Table 2) . Biome types were the same for each site and gridded runs and model parameterization, and spin-up were kept constant for all simulations to ensure the same simulation design and model initial conditions. 
Model description
A detailed description of inputs, parameters and algorithms used in ecosys can be found in (Grant, 2001 , Grant, 2014 and (Grant et al., 2012) . However, the general descriptions of the model that are most relevant to testing the effects of temperature and water status on modeled NEP = (gross primary productivity(GPP) − autotrophic respiration (Ra) − heterotrophic respiration (Rh)) by which gridded vs. site climate and soil inputs will be compared are given below and illustrated in Fig. 1 and details of the equations used are given in Appendices A-C of the Supplement.
Effects of canopy water status on GPP
In ecosys, surface energy and water exchanges drive soil heat and water transfers, from which soil temperatures (Ts) and water contents (θ) are determined (Grant, 2004) .
NEP is controlled by plant water status calculated from concurrent convergence solutions for canopy temperature (Tc) from first-order closure of the canopy energy balance, and for canopy water potential (ψc) from equilibrating total root water uptake (U) with transpiration (T) (Grant et al., 1999) . This equilibration is accomplished by finding a common ψc at which T driven by Tc and constrained by canopy resistance (rc) calculated from ψc equals U driven by the differences between ψc and soil water potential (ψs) across soil Ωs and root Ωr hydraulic resistances in each rooted soil layer (Grant et al., 2007c) . The measured weather inputs for air temperature, precipitation, downward shortwave radiation, relative humidity and wind speed were recorded at the EC flux tower sites at a half-hour time-step and averaged to hourly values in ecosys. Measured soil inputs for layer depth, clay/sand fraction, pH, total organic carbon and nitrogen, cation exchange capacity and bulk density were recorded from soil samples taken at specified depths at the flux tower sites (Table 2) .
Gridded weather and soil inputs
The gridded weather inputs for air temperature, precipitation, downward shortwave radiation, relative humidity and wind speed were taken from NARR, a long-term weather dataset originally produced at the National Oceanic and Land Administration (NOAA) National Centers for Environmental Prediction (NCEP) Global Reanalysis (Kalnay et al., 1996) . NARR is an extension of the NCEP reanalysis, which is a combined data and model assimilation product that made use of wide networks of observational datasets across North America (Mesinger et al., 2004) . For this study, we used a NARR dataset which was resampled and re-projected to 0.25° resolution in geographic latitude/longitude projection made available through the Multi-Scale Synthesis and Terrestrial Model Inter-comparison Project (MsTMIP) (Huntzinger et al., 2013) . NARR precipitation was rescaled using the Global Precipitation Climatology Project (GPCP) monthly gridded precipitation product which was derived from satellite and gauge measurements, to improve biases in magnitude and frequency of large rainfall events (Wei et al., 2014) . The NARR incoming shortwave radiation was rescaled using the weather simulation model MTCLIM version 4.3 (Wei et al., 2014) . The NARR data used for this study was from 1979 to 2010 and temporal resolution of three hours, with linear interpolation to one hour in ecosys.
The gridded soil (UNASM) inputs with layer depths, clay/sand fraction, pH, total organic carbon, cation exchange capacity and bulk density were a reanalysis product of MsTMIP for North America that was prepared using three different soil databases (Liu et al., 2013) . These included the United States General Soil Map, the State Soil Geographic (STATSGO2), the Soil Landscapes of Canada (SLC) versions 3.2 (agricultural) and 2.2 (non-agricultural) and the Harmonized World Soil Database (HWSD) version 1.21. However SON was not provided in the UNASM, and was therefore estimated for use in ecosys from gridded SOC in each soil layer and from a relationship between SOC and SOC:SON ratios fitted to the site measurements.
Simulation design
In the gridded simulations, weather and soil inputs were taken from NARR and UNASM for the grid cells corresponding to the locations of the EC flux towers. Model runs for each site were spun up with time-varying weather drivers for a simulation period of 1800-2010. To represent historical weather at each site, NARR data selected from 1979
to 1993 were randomly distributed to form a 100 years sequence that cycled through . This enabled the model to attain a steady state condition prior to 1979.
Then the real time NARR data were used for the rest of the study period to simulate the real time ecosystem productivity as stated in MsTMIP protocol (Huntzinger et al., 2013) . The soil inputs were used to initialize the soil profiles at each site, whereas land use and land cover changes, atmospheric CO2 concentrations, and nitrogen deposition rates varied during the runs as shown in Table 2 . The model runs and inputs used for the simulations with measured inputs were the same as those with gridded inputs, except that they had measured soil attributes and measured weather substituted for the years which site level data were available (Table 1) . We avoided sub-pixel heterogeneity for the runs using gridded inputs by taking the dominant land cover and plant functional type from the corresponding pixels where the EC towers were located.
Four different simulations were conducted to investigate differences in NEP modeled with measured vs. gridded weather and soil (Table 3) . Simulation-shad measured inputs for both weather and soil to model NEP under the same conditions as those of the EC measurements. Simulation-r had gridded inputs from NARR and UNASM to model grid cell NEP for the EC flux tower area as part of gridded simulations. Differences in NEP between simulation-s and EC measurements were considered to be caused by uncertainties in model parameterization and measured fluxes. Differences in NEP between simulation-r and EC measurements that were greater than those from simulation-s were considered to be a reduction in model accuracy caused by substituting gridded weather and soil inputs for those measured at the site. To attribute this reduction to weather vs. soil inputs, simulation-n was run with weather inputs from the NARR dataset and soil inputs measured at the sites, and simulation-pwas run with weather inputs from the site measurements and soil inputs from UNASM. Therefore, the sensitivity of modeled NEP to weather inputs from NARR vs. measurements was evaluated by comparing NEP from simulation-sand simulation-n, and the sensitivity of modeled NEP to soil inputs from UNASM vs. measurements was evaluated by comparing NEP from simulation-p and simulation-s. These evaluations were conducted using Taylor diagrams (Taylor, 2001) of modeled vs. measured CO2 fluxes that graphically illustrated the closeness in diurnal and seasonal patterns of the different sets of simulated NEP values to the measured benchmark NEP. in simulation-s had lower RMSD, higher correlation coefficients and SD closer to the measured values compared to simulation-r for most of the sites (Fig. 5) . Therefore, CO2 fluxes modeled using inputs from NARR and UNASM had less accurate diurnal and season patterns than did those using measured weather and soil, when tested against NEP measured at EC flux towers. However, the loss in accuracy with gridded data varied among sites with little loss at some (e.g. CA-Ca1) and more at others (e.g. CA-Soa, CA-Qfo). The lower accuracy with inputs from the NARR and UNASM databases are explained as follows. (Table 1 ). The RMSD (g C day −1 ) between the simulated and observed NEP is the distance between a simulated values along the green line to the x-axis at NEP-EC, standard deviation (g C day −1 ) is the distance from a point to the origin and correlation coefficient of each simulated values is shown in the blue line.
3.2.1. Campbell river: Douglas-fir forest (CA-Ca1)
The Campbell river Douglas-fir forest EC site has a cool temperate climate with a dry summer. Taylor diagrams (Fig. 5(a and b) ) showed close clustering of the four simulations indicating only small differences among them. Daily NEP from all simulations for this site closely agreed with measured values (correlation coefficient >0.8) during both cooler (2001) and warmer (2004) years (Fig. 5) . Therefore, key modeled responses of net CO2 exchange to changes in weather were maintained when inputs from site weather and soil were replaced by those from NARR and UNASM for the grid cell in which CA-Ca1 is located. The good agreement in seasonal patterns of modeled vs. measured NEP during the cooler and warmer year allowed adverse effects of summer warming events on NEP to be simulated with both NARR and measured weather data. For instance, days 168-173 for 2004 in Fig. 6(b1 and b2) had particularly higher Ta(>20 °C) that reduced NEP (Fig. 6b3 ) through the coupled hydraulic scheme for soil-root-canopy-atmosphere water transfer that lowered gc (Fig. 7) , hence reduced CO2 influxes (Fig. 7) as well as temperature sensitivity of respiration processes that increased CO2 effluxes (Fig. 7) (Table   6 ), thereby reducing the annual NEP by 192 and 133 g C m −2 yr −1 for runs with measured and gridded inputs respectively. This modeled decline in NEP was corroborated by a similar decline of 214 g C m −2 yr −1 in EC-measured NEP in 2004 vs. 2001 (Table 6 ).
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2. Download full-size image Fig. 6 . Campbell river Douglas-fir forest (CA-Ca1): (a1, a2, b1, b2) 3-hourly air temperature, (a3, b3) daily NEP measured at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), modeled NEP using site climate and soil (green lines) and regional climate and soil (blue lines) for a cooler year 2001 and a warmer year 2004. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2. Download full-size image Fig. 7 . Campbell river Douglas-fir forest (CA-Ca1), (a) hourly modeled canopy stomatal conductance (gc), modeled with site climate and soil (green lines) and regional climateand soil (blue lines) (b) hourly site (black line) and gridded (orange line) air temperature (Ta), (c) hourly modeled CO2 flux, modeled with site climate and soil (green lines) and regional climate and soil (blue lines) at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), for DOY 164-174 of a warmer year (2004) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
Daring lake: Arctic tundra (DL)
The Daring lake site is a tundra ecosystem located in the lower central Arctic at which we compared NEP during 2006, a warmer year, with that in 2008, a cooler year (Fig. 8) .
NEP from simulation-p was closer to the measured NEP than was NEP from simulationn ( Fig. 5(c and d) ), indicating that the NARR inputs, particularly the overestimation of Ta (Table 4 ) and underestimation of shortwave radiation (Table 4) Fig. 8(a3 and b3) ) by reducing Tc and Ts, hence lower soil heat and water transfers that reduce the rate of CO2 fixation. The NARR seasonal precipitation pattern also differed from measured values in 2006 when the NARR missed a particularly large precipitation event measured in June (Fig. 4c ). However, spring Ta in 2006 was higher than in 2008 ( Fig. 8(a1, a2, b1, b2) ) resulting in earlier net C uptake, thus key modeled responses of net CO2 exchange to changes in spring warming, apparent in the ECmeasured NEP, were captured in both measured and gridded simulations (Fig. 8(a3 and   b3) ). Moreover, for those summer days with Ta exceeding 20 °C (e.g. days 200 and 220 for 2006 in Fig. 8(a1 and a2) ) and around day 200 for 2008 in Fig. 8(b1 and b2) , NEP declined ( Fig. 8(a3 and b3) ) due to a decrease in CO2 fixation and an increase in Ra and Rh, as noted earlier for Campbell river site (Fig. 6b3 ), and these responses were captured in both site and gridded simulations (Fig. 8(a3 and b3) ).
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2. Download full-size image Fig. 8 . Daring lake Arctic tundra (DL): (a1, a2, b1, b2) hourly air temperature, (a3, b3) daily NEP measured at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), modeled NEP using site climate and soil (green lines) and regional climate and soil (blue lines) for the years of 2004 and 2005. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Old Aspen forest (CA-Soa)
This site is an old Aspen forest in the boreal climate zone in which we compared NEP during 2001 and 2003, the first and third years of a major drought in central North America (Fig. 9 ). The Taylor diagrams (Fig. 5(e and f) ) showed that NEP modeled from both NARR and UNASM inputs differed from EC-derived values more than did NEP modeled from measured inputs. Regression of modeled on EC-derived CO2 fluxes in simulation-s had larger correlation coefficient, lower RMSD, and SD closer to SD from EC-derived values, compared to simulation-n and simulation-p for both 2001 and 2003. Variations in seasonal amplitude of NEP (Fig. 9 ) apparent as smaller SD (Table 4) in simulations with UNASM vs. measured soil inputs (p vs. s and r vs. n in Fig. 5(e and f) ) were attributed to shallower UNASM vs. measured soil depth (1 vs. 3 m in Table 5) which reduced water holding capacity and consequently hastened soil drying. Annual NEP of simulation-r was therefore lower than that of simulation-s (Table 6 ) due to inadequate soil water in the shallow UNASM to sustain productivity during the first drought year in 2001 ( Fig. 9a1 ). NEP measured and modeled with site inputs in 2001 was sustained by water deeper in the measured soil profile carried forward from previous wetter years. This deeper water was depleted by 2003, reducing NEP ( Fig. 9b2 vs. 9a2; Table 5 ). However this deeper water was absent in the UNASM soil profile in 2001, resulting in faster soil drying, lower gc and hence CO2 uptake rates to values much lower than EC measurements (Fig. 9a2 ) while net C uptake modeled with measured soil remained close to EC values. Excess summer NARR precipitation in 2003 (Fig. 4f ), however resulted in higher soil water content (Fig. 9b1 ), hence better CO2 uptake rates, although subsequent rapid soil drying as a result of the shallow soil depth.
Download high-res image (681KB)
2. Download full-size image Fig. 9 . Old Aspen forest (CA-Soa): (a1, b1) daily volumetric soil water content at 15 cm soil depth, (a2, b2) daily NEP measured at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), modeled NEP using site climate and soil (green lines) and gridded climate and soil (blue lines) for the first (2001) (Fig. 10) . Lower correlation and greater RMSD of simulation-n vs. s than of simulation-p vs. s (Fig. 5(g and h) ) indicated that the simulation of NEP was more adversely affected by inputs from NARR vs. measured weather than from UNASM vs. measured soil. Although a good correlation (R 2 = 0.86) of NARR vs. measured incoming shortwave radiation was observed in 2002 ( Fig. 3h ), a 10% decline in NARR annual incoming shortwave radiation was observed in 2001 (Table 4) with R 2 = 0.68 (Fig. 3g) . Also, NARR Ta was higher than measured values, especially in 2001 where the y-intercept of the regression lines was 1.76 °C ( Fig. 2g) , resulting in rapid soil drying, lowering gc hence NEP. The slight deviation of simulation-p vs. -s observed in 2001/2002 could mainly be attributed to shallower UNASM soil depth that reduced soil water holding capacity (Table 5) , hence contributed to the lower net CO2 fixation. Decline of NEP in summer 2002 was greater than that in 2001 for both site and gridded runs (Fig. 10b3 vs. 10a3 ) due to lower summer precipitation (Fig. 4(g and h) ). The seasonal NARR precipitation pattern allowed this decline to be modeled in the gridded simulation similarly to that in the site simulation.
Download high-res image (954KB)
2. Download full-size image Fig. 10 . Duke forest (US-Dk3): (a1, a2, b1, b2) hourly air temperature, (a3, b3) daily NEP measured at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), modeled NEP using site climate and soil (green lines) and regional climate and soil (blue lines) for a pre-drought year 2001 and a drought year 2002. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 3.2.5. Quebec mature boreal black spruce forest (CA-Qfo) CA-Qfo is a boreal black spruce forest site at which we compared 2004, a cooler year, with 2005, a warmer year. Simulations-s and -n were closer to measured NEP than were simulations-p and -r (Fig. 5(i and j) ) for both years, indicating that the UNASM soil input was mainly responsible for the differences in NEP. These differences were attributed to anomalously low SON measured at the CA-Qfo site ( Table 5 ) which was less than that estimated from general SOC:SON relationships used with the UNASM inputs. This lower SON resulted in smaller uptake hence lower NEP with measured soil inputs ( Table 6) which was more consistent with EC values (Fig. 11 ). However, key seasonal variations in NEP were simulated with both NARR and measured weather.
Earlier spring warming in 2005 vs. 2004 caused 10 days earlier increase in net CO2 uptake (Fig. 11b3 vs. a3 ) which was captured in both site and gridded simulations.
Despite increased earlier carbon uptake, more frequent summer warming events during 2005 (e.g. DOY 180, 240) vs. 2004 (e.g. DOY 185) caused declines in NEP when Ta was higher than 20 °C through processes described in Sections 2.1.1 Effects of canopy water status on GPP, 2.1.4 Effects of temperature on. Diurnal variations in NARR Ta allowed the effects of these events on NEP to be represented similarly to those with measured inputs (Fig. 11 ).
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2. Download full-size image Fig. 11 . Quebec mature boreal black spruce forest (CA-Qfo): (a1, a2, b1, b2) 3-hourly air temperature, (a3, b3) daily NEP measured at EC (black closed symbols), gap-filled from EC measurements (red closed symbols), modeled NEP using site climate and soil (green lines) and regional climate and soil (blue lines) for a cooler year 2004 and a warmer year 2005. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Mead crop site (Mead)
This site had an irrigated vs. rainfed maize soybean rotation where in 2003 maize was simulated with and without irrigation. The Taylor diagrams (Fig. 5(k and l) ) showed that NEP from simulation-n were closer to the EC values than were those of simulation-p, indicating that the slight differences were mainly attributed to the UNASM soil inputs (UNASM soil depth (1.5 m) compared to site soil depth (2 m)). However, key responses of earlier decline in modeled NEP to water stress effects during soil drying in the rainfed vs. irrigated runs were captured in both simulation-s and -r (Fig. 12) . The rainfed simulations were shown to have faster soil drying, causing more rapid declines in ψs, ψc, and gc, hence lower CO2 influxes ( Fig. 13; Table 6 ) than the irrigated simulations for both runs with site and gridded inputs. These declines were apparent in declines of latent heat (LH) and CO2 fluxes with in the rainfed vs. irrigated simulations. These declines reduced productivity for the rainfed simulations, in both the site and gridded simulations ( Fig. 12) , allowing water stress in the rainfed run to be simulated consistent with fluxes from EC measurements (Fig. 13 ).
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2. Download full-size image Fig. 12 . Mead crop land site (Mead): (a1, a2, b1, b2) 3-hourly air temperature, daily NEP measured at EC (black closed symbols), modeled NEP using site climate and soil (green lines) and regional climate and soil (blue lines) for (a3) irrigated vs. (b3) rainfed for maize in 2003. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table   6 ). This agreement demonstrated the ability of the model to simulate land-atmosphere carbon exchange across different climatic zones with varied plant functional types, under contrasting weather. In earlier studies ecosys has been tested rigorously under a wide range of climates and biomes as described in the introduction. Moreover, the model performed very well in the North American Carbon Program site synthesis model intercomparison study (Schaefer et al., 2012 where the skill of the model to simulate carbon exchange over several EC sites across North America was compared with more than 22 participating models.
Uncertainties in the quality of gridded model inputs were assessed in the Taylor diagrams ( Fig. 5 ) that illustrated differences in NEP modeled with inputs from gridded vs. measured weather and soil when compared to EC-derived NEP. These differences were larger for NEP modeled with gridded inputs than with measured inputs at most of the sites (Fig. 5) indicating that agreement of NEP modeled in those grid cells with ECderived values was adversely affected by gridded inputs, particularly during years with extreme climate events such as drought, as in CA-Soa site in 2001/2003 ( Fig. 9) .
However, the magnitude of these differences in NEP varied among sites (Fig. 5) with relatively little differences at some sites (e.g. Fig. 5(a and b) ) and greater differences at others (e.g. Fig. 5(e and f) ). Overall, NEP from the gridded simulations tended to exceed or fall below EC-NEP more than did those from the site simulations (Table 6) .
These uncertainties associated with the quality of NARR and UNASM could be attributed to different causes, and improvements of these gridded datasets could increase the accuracy of model estimates, hence our understanding of the continental and global scale carbon cycle. These can be realized by ensuring better representations of the soil and weather attributes at a pixel level. Uncertainties from NARR could be attributed to variations in the density of the networks of observational datasets that were used to construct the gridded dataset (Mesinger et al., 2004) . For instance, sparse distribution of weather stations, especially in higher latitudes of NA, due to less accessibility and higher operational costs to maintain stations in remote areas, could affect the accuracy of the gridded product. Therefore, increasing the number of observation stations to better represent the spatial heterogeneity is crucial to improve the accuracy and spatial representativeness of the weather datasets, thus minimize the uncertainties of model estimates associated with weather inputs. Uncertainties from UNASM could be attributed to spatial heterogeneity within a 0.25° × 0.25° pixel, as soil properties vary at much smaller spatial scales which makes it difficult to assess how well the measured or gridded soil represents the diverse soils of a grid cell.
Uncertainties associated with sub-pixel heterogeneity could partly be improved by increasing the spatial and temporal resolutions of model inputs. In this regard, there is always a trade-off between higher computational resource requirements for simulations vs. better spatial representation of weather and soil characteristics. Furthermore, UNASM was a product from the fusion of three different soil datasets (STATSGO2, SLC version 2.2 and HWSD version 1.21) that were constructed using different inputs and methods of upscaling across different regions of North America. These products had different spatial resolutions and a certain loss of accuracy can be expected while harmonizing these products thereby affecting the skill of the model in simulating landatmosphere carbon exchange.
It should also be noted that estimating uncertainties from inherent model structure, by comparing NEP from site and gridded simulations with EC-derived values, should also consider some uncertainties that might be associated with the measured benchmark data itself (e.g. EC data processing methods and gap-filling,) which we have not accounted for in this study. Uncertainties associated with mismatches in spatial representativeness of EC-derived fluxes and modeled fluxes from site and gridded simulations should also be considered. The gridded simulations were compared with EC-derived fluxes based on the idea that the dominant land cover of a pixel where the EC tower was located is a representative of the larger ecosystem. However, observed flux from EC towers may not fully represent the fluxes within areas of the flux footprint and the gridded pixel, due to spatial heterogeneities in land cover. Chen et al. (2012) evaluated the spatial representativeness of 12 EC sites of the Canadian Carbon Program across different plant function types using and Normalized difference Vegetation Index (INDVI), land cover map and a footprint model. They reported that at most of the sites the dominant land cover observed from the footprints of the towers were higher than 60%. They suggested the use of footprint models that estimate the probability of flux sources within the EC footprint. Such approach can be used to directly compare modeled fluxes against EC-derived fluxes and may reduce the effects of spatial scale mismatch, providing a better model testing. Available remote sensing products also provide an opportunity to understand sub-pixel heterogeneity, flux footprints and up-scaling ecosystem processes (Masek et al., 2015) .
Although, the degree of EC flux footprint area heterogeneity vary among EC sites (Chen et al., 2012) , most flux towers are located in a fairly homogenous environment (Barcza et al., 2009) , thus provide the opportunity to compare EC-derived fluxes with modeled fluxes from the dominant plant functional type. However, higher uncertainty due to spatial scale mismatch is apparent in modeled fluxes from gridded pixels with coarser spatial resolution than those from the EC tower footprints. Spatial representativeness of flux footprint in gridded pixels can be improved by implementing cohorts of multiple plant functional types at a grid cell level and it is important for TBMs to integrate multiple cohorts to better represent sub-pixel heterogeneity, hence improve regional estimates of carbon fluxes.
Gridded weather attributes that caused differences in modeled NEP
NARR 3-hourly Ta had generally better fits with measurements than did NARR incoming shortwave radiation and precipitation ( Fig. 2; Table 4 ). However, the accuracy of gridded Ta was spatially and temporally variable, being slightly overestimated for some sites compared to measured values (Fig. 2) , resulting in more adverse impacts of warming with NARR weather in some sites (e.g. US-Dk3 2001) by hastening rapid soil drying, lowering gc hence NEP (Table 6 ). Nevertheless, for most of the sites NARR Ta was accurate enough that the effects of diurnal and seasonal changes in Ta under contrasting weather (cool vs. warm years) on NEP, shown in the site simulations, were mostly captured in the gridded simulations (e.g. Fig. 6 ). NARR enabled simulation of key model responses to changes in seasonal weather, such as earlier spring warming that caused earlier increases in net CO2 uptake as shown in DL 2006 ( Fig. 8) and CA-Qfo 2005 (Fig. 11 ) and the impacts of intense warming events that reduced CO2 uptake and increased respiration as shown in CA-Ca1 (Fig. 6) .
The NARR incoming shortwave radiation and precipitation that we used in this study were rescaled from the original NARR datasets (Mesinger et al., 2004) to improve their quality (Wei et al., 2014) . Comparison of original NARR incoming shortwave radiation with measurements from 23 EC sites has shown that NARR values were overestimated (Wei et al., 2014) . A comparison of the original NARR precipitation with measurements has shown that the amount and frequency of large rainfall events in NARR precipitation were underestimated (Sun and Barros, 2010) . Although the rescaled NARR incoming shortwave radiation and precipitation were shown to improve the original NARR, in this study we identified biases at some of the sites as described earlier in Section 3.1 that affected modeled NEP to sufficient extents that further improvements are needed (e.g. Fig. 5(c, d and h) ).
Although NARR incoming shortwave radiation was well correlated with measurements, underestimation of more than 10% in some sites, (e.g. DL, Table 4 ) could reduce soil heat and water transfers and hence reduce the rate of CO2 fixation by lowering Tc and Ts. Seasonal patterns of modeled NEP could also be controlled by variations shown in NARR vs. measured precipitation, apparent in variations in total annual precipitation and SD (Table 4 ). These variations control NEP by directly controlling the amount of soil moisture available for plant uptake and indirectly affecting the availability of nutrients. For instance, CA-Soa 2001 higher summer values than measured (Fig. 4(e and f) ) which caused higher SD of NEP from EC values (Table 4 ) than did site precipitation (Fig. 8) . Similar to the NARR Taand incoming shortwave radiation, the relative differences of NARR vs. measured precipitation and their effects on modeled NEP varied among sites (Fig. 4) .
Gridded soil attributes that control NEP deviations
UNASM soil attributes such as maximum soil depth and SOC, as well as SON which was estimated independently from UNASM SOC, were shown to affect NEP for most of the sites as demonstrated from the deviations of simulation-pcompared to simulations shown in the Taylor diagrams (Fig. 5 ). McKenney and Pedlar (2003) reported a decline in modeled productivity of jack pine and black spruce when replacing measured soil properties with coarser scale soil properties and this was particularly attributed to shallower soil depth of the coarser dataset across much of the northern forests of Canada. This result corroborated our findings at CA-Soa, DL, US-Dk3 and Mead in which UNASM had shallower soil depth compared to measured soil (Table 5 ). These effects of shallower soil depth were shown to reduce productivity in some of the sites (e.g. CA-Soa) by reducing soil water storage, hastening soil drying (Fig. 9(a1 and b1) ), lowering ψs and water uptake, hence lowering NEP (Fig. 9(a2 and b2) ; Table 6 ). Soil databases that were used to make UNASM in the higher latitudes such as SLC version 3.2 and Harmonized World Soil Database (HWSD) version 1.21 had much smaller maximum soil depth values than measured. There were also significant differences in total SOC between UNASM and measured soil inputs (Table 5 ) and between estimated and measured SON that directly affected the amount of available nutrients hence ecosystem productivity (e.g. Fig. 11(a3 and b3) ). 4.4. Implications of biases in gridded datasets to modeled NEP Although effects of NARR and UNASM on NEP were shown at a pixel scale of the gridded datasets, it is apparent that the effects could be reflected in model estimates when scaled-up and that would certainly affect the regional and continental carbon budget estimates. These impacts at regional scales could have direct implications when modeling the impacts of climate change on ecosystem productivity. Studying the impacts of climate change on ecosystem productivity at regional scale under future climate requires a well-tested TBMs. Thus, examining gridded model drivers as one of the main sources of uncertainties in modeling regional scale land-atmosphere carbon exchange has a direct implication in evaluating model performance, hence the ability to study climate change impacts. While improving of model structure and parameterization of TBMs is crucial, evaluating model performance need to consider uncertainties associated with the model drivers itself. Ecosystem modelers need to test gridded model inputs against measured values at selected pixels before implementing regional runs to isolate systematic biases in the gridded model inputs which may be rescaled and calibrated to reduce inaccuracies.
Biases in UNASM and NARR can have important implications when applied at regional scale. For instance, although the effect of gridded SON (e.g. CA-Qfo in Fig. 11(a3 and   b3) ) was modeled to overestimate NEP at the site scale, it has important implications, as the site represents an ecosystem (boreal black forest) widely distributed across boreal NA. Lack of detailed information on soil physical and hydraulic properties and vertical multi-layer profiles in UNASM affected simulation of sub-surface movement of water and of available soil water for plant uptake, hence CO2 fixation. For instance, at CA-Soa 2001 ( Fig. 7(a2) ), NEP was underestimated as a result of shallower soil depth in the gridded simulation. UNASM maximum soil depth were less than what was measured at CA-Oas site hence key responses of the model to extreme climate events such as drought was not well captured ( Fig. 7(a2) ), hence NEP was underestimated.
Lack of deeper soil vertical profile in UNASM could limit responses of modeled rooting depth to climate change, particularly at higher latitudes where rooting depth is determined by deepening permafrost which is explicitly modeled in ecosys. Deepening of the active layer depth as a result of warming is a key climate change feedback in permafrost regions that can release large volume of stored carbon to the atmosphere as a result of increasing ecosystem respiration. Better representation of SOC through soil profiles is also crucial to better simulate climate change feedbacks in higher latitudes.
Although these biases could be localized, it can certainty have important implications in our ability to model and understand regional and global carbon cycle and climate change impacts, thus need to be carefully examined. There was no systematic bias in over/underestimations of fluxes from site vs. gridded simulations. Thus, under/overestimation of fluxes among pixels would possibly compensate each other, thereby smoothing out and reducing the overall impacts of the gridded model inputs on carbon estimates at regional and continental scales. Nevertheless, these differences in modeled NEP associated with the quality of gridded model drivers that we tested for the selected EC sites at grid cell level would certainly be reflected at regional scale and could affect continental carbon budget estimates and need to be carefully examined.
Testing uncertainties in modeled NEP related to gridded weather and soil provided valuable information on limitations on continental scale carbon budget estimates. This rigorous testing has provided a basis to examine the extent to which accuracies in the continental scale simulations of land-atmosphere carbon exchange were subject to the combined effects of gridded weather and soil, besides the uncertainties in the inherent model characteristics. Such testing has a direct implications in simulating the impact of climate change on NEP over a wide range of biomes and have allowed us to see the limitations in NARR and UNASM. Moreover, it also provided confidence that key responses of the modeled NEP to changes in climate were reasonably maintained.
Conclusion
NEP differences attributed to gridded vs. measured model inputs varied among sites when tested against EC-derived values (Fig. 5) . The degree of agreements between the NARR and site Ta were shown to be generally high enough (Fig. 2) that the NEP modeled under contrasting weather could be reproduced with NARR with an accuracy similar to that with measured weather for most of the sites (e.g. Fig. 6 ).
Incoming shortwave radiation was slightly underestimated for most of the sites, hence needing further improvements (Fig. 3) . Deviations in precipitation intensity should also be improved (Fig. 4) , as accurate temporal distribution of precipitation determines water availability for plant growth. Possible inaccuracies in wind speed and relative humidity should also be carefully examined in gridded datasets.
Lack of detailed and deeper UNASM soil vertical profiles affected modeled NEP at most of the sites, especially by reducing WHC and hence θ during extreme weather events such as drought as demonstrated at CA-Soa 2001 ( Fig. 7(a2) ). Total SOC content of UNASM was also varied from what was measured at the sites (Table 5) . Besides, UNASM did not include SON and therefore, incorporating this attribute in the database is important to better estimate available soil nitrogen, hence NEP.
These differences in modeled NEP associated with the quality of gridded model inputs that we tested for the selected EC sites at grid cell scale would certainly be reflected at regional scale. Therefore, further refinement of these gridded datasets to improve their accuracy, spatial and temporal resolutions and better representation of sub-pixel spatial heterogeneity is essential for improving estimates of carbon fluxes, hence our understanding of the carbon cycle at regional and global scales. 
